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Abstract
Nowadays the FALCON partial tensor gravity gradiometer is the only applied AGG instru-
ment to be used in a helicopter to collect high-resolution data for commercial demand. In order
to know its principles and make full use of its advantages, in this study thesis, a helicopter-
borne gravity gradiometry data set offered by USGS is processed and analysed. It is interesting
to figure out that whether the gradient tensor invariants are truly "invariant". Also through
Fourier transformation, all gradient tensor components can be determined mathematically. Be-
sides, the effects of terrain corrections and different flight line spacings and drape heights are
also concerned to obtain high-resolution data in the easiest way.
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1Chapter 1
Introduction
1.1 Description of airborne gravity gradiometry
Gravity gradiometry refers to the measurement of the spatial variation of gravity. Airborne
gravity gradiometry (AGG) is one of the gravity gradient survey methods. It offers a conve-
nient and accurate method to acquire gravity gradient data with the possibility to cover a large
area in one survey. There are also other types of gradiometer which could be employed on
ships or directly applied on the ground.
If we compare the gravity gradient survey to gravimetry, a gravimeter deals with the measure-
ments of the vertical component of the gravity vector. However, there is a problem when the
survey is taken place from the aircraft. A gravimeter cannot distinguish the acceleration due to
gravitational variation from the acceleration caused by the dynamic carrier. Therefore, gravity
gradiometry is more suitable to collect on the aircraft because we can easily remove the aircraft
accelerations to a large extent. The method will be discussed in section 2.5 later.
Airborne gravity gradiometry measures the spatial derivatives of the gravity field with gra-
diometers on the aircraft, which can show the delicate features of the earth’s gravitational field.
Usually there are a lot of advantages to using airborne gravity gradiometry: On the one hand,
the information of terrain depth, shape and orientation are precisely obtained. The collected
data are with high resolution. Comparing to airborne gravimetry, the data from gravimeters
are greatly filtered and smoothed so that we cannot see many details. On the other hand, its
cost is much cheaper. In contrast to the exploration on land with a cost at 15–50 thousand
dollars per square kilometre, FTG gravity gradiometry only spends 1–3 thousand dollars per
square kilometre (Zhang et al., 2006).
In recent few decades, the airborne gravity gradiometry technology is rapidly developed and
widely used in mapping, earth’ exploration, satellite surveying and many other aspects.
1.2 History and motivation of airborne gravity gradiometry
In 1881 Hungarian physicist Baron Roland von Eötvös (1848–1919) invented the torsion bal-
ance, a sensitive instrument to measure the gravity gradient. In order to commemorate him,
the unit of the second derivative of the gravitational potential was set as E or Eö. We can
express its conversion into SI as:
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1E = 10−9 · s−2 = 1mGal/(10km)
In the 1910s the torsion balance was used to discover salt domes in many countries such as
Germany, Hungary, Czech and Slovakia. At the same time, it was applied to find petroleum
in Egbell, Slovakia. We can see this period as the start of gravity exploration. Several decades
later, more countries applied this technique to explore gas fields and mines. In 1922 the US
government introduced the torsion balance technique. Two years later, it discovered its first oil
field in Texas. Meanwhile, the Soviet Union, Japan and other countries also applied the torsion
balance to detect the mineral deposit, and they have achieved great results (Zhang, 2005).
After the 1950s, with the development of gravimetry, the gravimeter had better performance
in accuracy than gradiometer. It can measure the underground gravity anomaly due to the
uneven distribution of subterranean material densities. The torsion balance was totally re-
placed because of the inconvenient carrying equipment and low efficiency during measure-
ments. Gravimetry occupied an important position in gravity exploration. However, in a man-
ner of speaking, the gravity exploration started with gravity gradiometry.
In the 1970s in order to fulfil the requirement of missile guidance and navigation, the US mili-
tary investigated several billion dollars to research and develop the technology of gravity gra-
diometry in a dynamic environment. After the cold war, the US military partially released this
classified technique and turned it into civil usage. In the same period, the US and France in-
vented gradiometers with different principles and structures, such as FTG gradiometer system
(Gerber, 1978).
Nowadays, the accuracy, stability and efficiency of gradiometers have made a breakthrough,
and we can install it on aircraft. Due to the higher resolution compared to gravimetry, gravity
gradiometry has been widely used in military, geodetic surveying and physical exploration
of the earth. In contrast to the measurements on the ground, airborne gravity gradiometry
has the characteristics of fast, economical and high accuracy. Its survey regions could reach
approximately every corner of the world, and it is the most advanced technology in gravity
exploration today.
1.3 Applications of airborne gravity gradiometry
Airborne gravity gradiometry can measure not only the second derivative of the gravitational
potential, i.e. the components of gravity gradient tensor but also the first derivative of the
gravitational potential. In recent few decades, it was rapidly developed and widely applied in
many aspects.
1.3.1 Applications in navigation and the military
Gravity gradiometry can improve the accuracy of and inertial navigation system. We can use
this method in missile guidance for the military. In order to improve the accuracy of guided
missiles, location and precision of the impact point are significant, and the disturbing gravity
field in earth’s exterior space is an important factor to that. We can apply the components of the
gravity gradient tensor measured by the gradiometer for the inertial navigation system (Zhang
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et al., 2006) so that the velocity and position deviation of the missiles can be corrected in real
time. Due to the strong independence and anti-interference ability of the gravity gradiometry,
it has great importance to navigation and positioning on the aircraft, submarines and large
ground weapons, which is very valuable for the military.
1.3.2 Applications in geodesy
The applications of airborne gravity gradiometry in geodesy refer to gravity field and geoid
modelling. For example, according to the airborne gravity gradient data, we can model the
shape of the earth. It is also possible to calculate the coordinate of ground control points and
elevation datum points with high accuracy.
1.3.3 Applications in earth’s exploration
Mine resources exploration
Airborne gravity gradient data can be used to discover solid mineral distribution. The FAL-
CON airborne gravity gradiometry, which belongs to Australian BHP Corporation, has been
carried out in a large area of Australia. The purpose was to seek mineral resources, and many
coal mines have been found out. (Zhang et al., 2006)
Another example was an airborne gravity gradient survey in Africa, flown with 50-m line spac-
ing, made by the American Bell Corporation (Murphy, 2004). The following figure shows a re-
sult of the vertical gravity gradient data. It is apparent that there was an anomaly in the middle
area ranging 350 m, i.e. where the coal mine may existe, and the subterranean characteristics
were changed compared to the surrounding areas.
Figure 1.1: Vertical gravity gradient data Vzz of a district in Africa (Murphy, 2004)
4 Chapter 1 Introduction
Oil and gas exploration
Gravity gradient reflects the spatial variations of gravity anomaly, which suggests the variation
in subterranean densities. Gravity gradiometry has a higher resolution than gravimetry, and
it can evaluate the gravity anomaly with a better performance. Thus, man can easily tell apart
the distinction of different resources underground with different densities. The US, Canada,
Australia and many other countries have already received good results in the exploration of oil
storage and gas structure by using gradiometry.
In general, airborne gravity gradiometry can be applied to:
• explore and detect the location and size of oil and gas fields,
• determine the geological structure due to oil and gas field both over the ocean and on
land,
• discover and analyse the position and shape of salt domes and other geological charac-
teristics.
Others
There are also many other applications of airborne gravity gradiometry, such as:
• mapping,
• investigate hydrological and engineering geological features,
• detect the regional tectonic form, type and distribution,
• distinguish the characteristics of volcanic and underground geological densities.
1.4 Outline of the thesis
The first chapter of the thesis is the introduction of airborne gravity gradiometry (AGG). At
first the gradiometry is introduced. Then its history and motivation with development are
explained. After that details about applications of airborne gravity gradiometry technique ap-
plied in many different aspects are summarized.
In the second chapter, the methodologies of airborne gravity gradiometry are explained math-
ematically. We calculate the procedure to obtain the gravity gradient tensor and discuss the
characteristics of its elements. Then the invariants in gravity gradient tensor are introduced
and analysed. After that the Fourier technique to calculate all tensor components, also the
vertical continuation are introduced. At last we discuss the history and two main types of
gradiometers nowadays as well as the data processing stages and corrections.
In the third chapter, the specifications of the survey are presented. We gather the source of
data, the location and many details of the survey area, and other information about equipment,
which will be useful to data analysis later.
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The fourth chapter is mainly about the results and analysis of the helicopter-borne AGG data.
We calculate the invariants in specific and visualised. Influence of terrain corrections at dif-
ferent densities in airborne gravity gradiometry will also be analysed. To solve this problem,
the Nettleton-style profiling method is explained. The next section deals with the influence
of flight line spacing and drape height. The different flight conditions may lead to different
data.
The last chapter is the conclusion of the thesis and the discussion of the results. Meanwhile,
the outlook for airborne gravity gradiometry is expressed as well.
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2.1 Gravity gradient tensor
For a unit mass m, the gravitational potential from a mass point M with distance r can be
expressed as the work W that needs to be done to bring m to that point.
ϕ(r) =
W
m
=
1
m
∫ r
∞
Fdr′ =
1
m
∫ ∞
r
GmM
r′2
dr′ =
GM
r
. (2.1)
Considering that if the mass distribution collects finite number of point masses, we set the
position of masses m1, · · · , mn as r1, · · · , rn. To calculate the scalar r in 3D coordinate, a position
vector r = (x, y, z) can be used. Therefore, the gravitational potential of the mass distribution
in position x is
ϕ(r) =
n
∑
i=1
Gmi
|r− r′| . (2.2)
In 3D space it can be transformed to:
ϕ(r) =
∫
R3
G
|r− r′|dm(r). (2.3)
Therefore, the spatial gravitational field of a massive object in position r can be expressed as a
scalar of gravitational potential.
ϕ(r) =
∫
R3
Gρ(r′)
|r− r′|dV(r
′) =
∫
R3
Gρ(r′)
|r− r′|d
3r′, (2.4)
where G is the gravitational constant, r′ is the position of the point contained in the mass dis-
tribution and |r− r′| is the distance between r and r′.
In Cartesian coordinate system, gravity and gravity gradient can be easily calculated. Gravity
is the first derivative of the gravitational potential ϕ(r):
g(r) = ∇ϕ(r) =
[
∂ϕ
∂x
∂ϕ
∂y
∂ϕ
∂z
]T
. (2.5)
Gravity gradient is used to express the variation of the gravity when the position is changed.
And gravity gradient is the second derivative of the gravitational potential ϕ(r).
8 Chapter 2 Methodology
The full gravity gradient tensor can be expressed as:
V =

∂gx
∂x
∂gx
∂y
∂gx
∂z
∂gy
∂x
∂gy
∂y
∂gy
∂z
∂gz
∂x
∂gz
∂y
∂gz
∂z
 =

∂2ϕ
∂x2
∂2ϕ
∂y∂x
∂2ϕ
∂z∂x
∂2ϕ
∂x∂y
∂2ϕ
∂y2
∂2ϕ
∂z∂y
∂2ϕ
∂x∂z
∂2ϕ
∂y∂z
∂2ϕ
∂z2
 =
 Vxx Vxy VxzVyx Vyy Vyz
Vzx Vzy Vzz
 , (2.6)
where V is the gravity gradient tensor and g is the gravity.
The gravity gradient tensor is symmetric.
Vxy = Vyx
Vxz = Vzx
Vyz = Vzy
(2.7)
Because the second symmetrical derivatives, namely ∂
2ϕ
∂y∂x and
∂2ϕ
∂x∂y , are the same mathemati-
cally. Similarly ∂
2ϕ
∂z∂x =
∂2ϕ
∂x∂z and
∂2ϕ
∂z∂y =
∂2ϕ
∂y∂z .
Due to "the Laplace equation", Vxx, Vyy and Vzz fulfil the following relation:
Vxx + Vyy + Vzz = 0 (Laplace), (2.8)
3
∑
i=1
Vii = 0. (2.9)
This will be explained later. Therefore, the gravity gradient tensor is traceless and only 5 com-
ponents of gradient tensor, i.e. Vxx , Vxy , Vxz , Vyy and Vyz, are independent.
In spherical coordinate system, the density of an equal-massive sphere is a function which is
only related to its radius.
ϕ(r) =
GM
r
, (2.10)
gr =
∂ϕ
∂r
= −GM
r2
, (2.11)
Vrr =
∂2ϕ
∂r2
=
2GM
r3
. (2.12)
where G is the gravitational constant, M is the mass of the sphere and r is the distance to the
center of the target.
From the expressions above, we can see that gravity is inversely proportional to r2 as well as
gravity gradient is inversely proportional to r3. Therefore, gravity gradient is more sensitive
to change than gravity when position varies. In other words, the gravity gradient data have a
higher resolution, and gravity gradiometry can better reflect the anomalies in the gravitational
field than gravimetry.
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2.2 Invariants of the gravity gradient tensor
2.2.1 Definition
The components of the gravity gradient tensor depend on orientation. However, after math-
ematical operations of these components based on eigenvalue analysis, we can obtain scalars,
which are independent of orientation. These scalars are called invariants.
In this section, invariants of the gravity gradient tensor will be theoretically calculated and
expressed. Then later in Chapter 4, invariants from the specific gradiometry data will be pro-
cessed and analysed in Matlab.
2.2.2 Two methods to calculate the gradient tensor invariants
Analytical Method
As mentioned before, the full gravity gradient tensor V can be expressed as:
V =
 Vxx Vxy VxzVyx Vyy Vyz
Vzx Vzy Vzz
 (2.13)
The characteristic equation for a square matrix A refers to:
Ax = λx, (2.14)
(A− λI)x = 0, (2.15)
|A− λI| = 0. (2.16)
where I is the identity matrix, λ is the eigenvalue and x is the eigenvector for λ.
Commonly the characteristic equation of three order matrix can be expressed as:
λ3 − I1λ2 − I2λ− I3 = 0. (2.17)
The three solutions of equation 4.5 are the three eigenvalues, the coefficients I1, I2 and I3 are
invariant. Besides, the eigenvalues are also invariant.
The invariants can be calculated as:∣∣∣∣∣∣
 Vxx Vxy VxzVyx Vyy Vyz
Vzx Vzy Vzz
− λI
∣∣∣∣∣∣ = 0, (2.18)∣∣∣∣∣∣
 Vxx − λ Vxy VxzVyx Vyy − λ Vyz
Vzx Vzy Vzz−λ
∣∣∣∣∣∣ = 0, (2.19)
(Vxx − λ)(Vyy − λ)(Vzz − λ) + VxyVyzVzx + VxzVzyVyx
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−Vzx(Vyy − λ)Vxz −VzyVyz(Vxx − λ)− (Vzz − λ)VxyVyx = 0. (2.20)
Therefore,
λ3 − (Vxx + Vyy + Vzz)λ2 −VxxVyy + VyyVzz + VxxVzz − (V2xy + V2yz + V2xz)λ
−V2xyVzz + V2yzVxx + V2xzVyy −VxxVyyVzz − 2VxyVyzVxz = 0. (2.21)
Compared to (2.17), the invariants fulfil the following relations:
I1 = Vxx + Vyy + Vzz, (2.22)
I2 = VxxVyy + VyyVzz + VxxVzz − (V2xy + V2yz + V2xz), (2.23)
I3 = V2xyVzz + V
2
yzVxx + V
2
xzVyy −VxxVyyVzz − 2VxyVyzVxz. (2.24)
Numerical Method
Eigendecomposition of a matrix can be used to calculate the invariants.
V =
 Vxx Vxy VxzVyx Vyy Vyz
Vzx Vzy Vzz
 (2.25)
Because V is symmetric, it can be factorized as:
V = QΛQT, (2.26)
where Q is the square matrix with eigenvectors in its column and Λ is diagonal:
Λii = λi. (2.27)
For the gravity gradient tensor, i = 3, λ1, λ2 and λ3 are the eigenvalues.
We already know invariant I1 = Vxx + Vyy + Vzz = 0. Then (2.17) can be simplified to:
λ3 − I2λ− I3 = 0. (2.28)
Then we have:
λ31 − λ1 I2 − I3 = 0, (2.29)
λ32 − λ2 I2 − I3 = 0. (2.30)
(2.29) subtract (2.30) yields
λ31 − λ32 + (λ2 − λ1)I2 = 0, (2.31)
I2 =
λ31 − λ32
λ1 − λ2 . (2.32)
(2.29) multiplies λ2, (2.30) multiplies λ3, then subtract, yields
λ31λ2 − λ32λ1 + (λ1 − λ2)I3 = 0, (2.33)
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I3 =
λ31λ2 − λ32λ1
λ2 − λ1 = −λ1λ2(λ1 + λ2). (2.34)
Generally speaking, for the gravity gradient tensor, the eigendecomposition can be easily cal-
culated in Matlab so that we can get the eigenvalues λ2 and λ3, and ultimately acquire the
invariants I2 and I3.
Due to Laplace’s equation, the eigenvalues I1 is zero, then a question about the performance
of invariants I2 and I3 in gradient tensor is interesting. Thus, invariants I2 and I3 from the
airborne gravity gradient data are calculated and analysed in order to figure out their values
and variations during the AGG survey.
2.3 Determining all tensor components through Fourier technique
Obviously, it is essential to calculate each component of the gravity gradient tensor in data
reprocessing. In order to accord with the requirements, the calculated tensor must have a
considerable signal-to-noise ratio. These demands of data reprocessing can be achieved by
using standard Fourier transform method.
Because the components of the gravity gradient tensor are the second derivatives of the gravi-
tational potential ϕ(r), the gravitational potential is central to gravity measurements. Once the
gravitational potential is determined, all the components of gravity can be figured out through
it. Besides, an appropriate function can be designed to suppress the noise at the same time, for
the purpose of getting suitable signal-to-noise ratio.
If we assume that the flying height of the aircraft is fixed during surveying, in the x-y plane at
height z, the Fourier transformation of the gravitational potential ϕ(r) can be expressed as:
Fkx ,ky(ϕ) =
∫ ∞
−∞
∫ ∞
−∞
ϕ(x, y, z)e−ikxxe−ikyydxdy. (2.35)
The inverse Fourier transform is
ϕ(x, y, z) =
∫ ∞
−∞
∫ ∞
−∞
Fkx ,ky(ϕ)e
−ikxxe−ikyydkxdky. (2.36)
We can start with the Fourier transformation of the first derivatives to get regular rules. The
Fourier transformation of gx =
∂ϕ
∂x is
Fkx ,ky
(
∂ϕ
∂x
)
=
∫ ∞
−∞
∫ ∞
−∞
∂ϕ(x, y, z)
∂x
e−ikxxe−ikyydxdy. (2.37)
Integration of the transform part:
Fkx ,ky
(
∂ϕ
∂x
)
= ikx
∫ ∞
−∞
∫ ∞
−∞
ϕ(x, y, z)e−ikxxe−ikyydxdy. (2.38)
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Inspection of (2.35) and (2.38) we can obtain:
Fkx ,ky
(
∂ϕ
∂x
)
= ikxFkx ,ky(ϕ). (2.39)
Therefore, the Fourier transformation of the gravitational potential is connected with a compo-
nent of the Fourier transformation of the gravity field:
ϕ(x, y, z) = F−1kx ,ky
(
1
ikx
Fkx ,ky
(
∂ϕ
∂x
))
=
∫ ∞
−∞
∫ ∞
−∞
1
ikx
Fkx ,ky(
∂ϕ
∂x
)e−ikxxe−ikyydkxdky. (2.40)
And from (2.6),
Vxy =
∂2ϕ
∂y∂x
. (2.41)
Then the Fourier transformation of Vxy is
Fkx ,ky
(
∂2ϕ
∂y∂x
)
=
∫ ∞
−∞
∫ ∞
−∞
∂2ϕ(x, y, z)
∂y∂x
e−ikxxe−ikyydxdy. (2.42)
Integration of the transform part is
Fkx ,ky
(
∂2ϕ
∂y∂x
)
= i2kxky
∫ ∞
−∞
∫ ∞
−∞
ϕ(x, y, z)e−ikxxe−ikyydxdy
= −kxkyFkx ,ky(ϕ). (2.43)
So there is a connection between gravity Fourier transform and gravitational potential Fourier
transformation. Through inverse transform its potential can be obtained:
ϕ(x, y, z) = F−1kx ,ky
(
− 1
kxky
Fkx ,ky
(
∂
∂y
∂ϕ
∂x
))
=
∫ ∞
−∞
∫ ∞
−∞
−1
kxky
Fkx ,ky
(
∂
∂y
∂ϕ
∂x
)
e−ikxxe−ikyydkxdky. (2.44)
The general formula for (2.38) and (2.43) is
Fkx ,ky(
∂n
∂yn
∂mϕ
∂xm
) = (ikx)m(iky)nFkx ,ky(ϕ). (2.45)
As a whole, in a plane at height z, as long as any of the components is measured, the gravita-
tional potential could be determined through Fourier transformation. And all its derivatives
with respect to x and y can be figured out theoretically. The converse is also true. Besides, when
gx or gy are measured, we could obtain the gravity potential and gradient tensor.
Especially, the FALCON partial tensor system has only one GGI and it can directly measure
Vxy and Vuv = (Vxx − Vyy)/2. Similarly, the vertical gravity gradient component Vzz can be
transformed as:
F(Vzz) = −2( ky − ikxkx − iky )F(Vxy + iVuv). (2.46)
Thus all components of the gradient tensor can be calculated with the Fourier method.
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2.4 Vertical continuation
Vertical continuation or upward continuation is a method used in oil exploration and geo-
physics to estimate the values of a gravitational or magnetic field by using measurements at a
lower elevation and extrapolating upward, assuming continuity. This technique is commonly
used to merge different measurements to a common level so as to reduce scatter and allow
for easier analysis. We call the vertical base functions the "upward continuation" since they
describe the vertical behaviour. They either have a damping (with the minus sign) or an ampli-
fying effect. The upward continuation either works as a low-pass filter (with the minus sign)
or as a high-pass filter (Sneeuw, 2006).
The rise of the flight drape height could lead to the same consequence with low pass filtering
(Kass, 2013). A special type of low pass filter is: F = e∆h|ω|. ∆h is the height difference and
ω is the frequency. When the altitudes decrease ∆h is positive; otherwise ∆h is negative. Fur-
thermore, it can be seen from this formula that the increasing frequency is consistent with the
change of drape height. This unique filter is called upward continuation operator. By using
this filter, the information of the AGG data can be replaced with the ground vertical gravity
data partially.
2.5 Principles of gravity gradiometers
2.5.1 Development of gradiometer technology
In 1971 the American Air Force put forward a request for a mobile gravity gradiometer with
accuracy of 1 E. Until the mid-70s, the experts of the American Hughes Aircrafts Company,
Draper Lab of Cambridge and Bell Aerospace respectively invented three different types
of gravity gradiometer prototypes that fulfilled the request: the Hughes Rotating Gravity
Gradiometer (RGG), the "floated gradiometer" and the gravity gradiometer instrument (GGI)
(Jekeli, 1993).
Figure 2.1: Concept (left) (Heller, 1977) and model (right) (Forward, 1976)
of the Hughes Aircraft Rotating Gravity Gradiometer
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Figure 2.2: Floated Gradiometer of the Draper Lab (Trageser, 1970) for single unit (left) and cluster (right)
Figure 2.3: FTG airborne gravity gradiometer (left) (Murphy, 2004) and electrostatic gravity gradiometer in
GOCE (right) (GOCE Gravity field and steady-state Ocean Circulation Explorer, n.d.)
In 1980s Maryland University invented a superconductive gravity gradiometer prototype with
an accuracy of 0.01 E. Meanwhile, many research institutions, such as the US Bendix Field Engi-
neering, Stanford University and Strathclyde University devoted to research superconductive
gravity gradiometer. Several years later, French ONERA (France national aerospace corpora-
tion) also developed an electrostatic gravity gradiometer with an accuracy of 0.01 E.
Today the mainly applied gradiometer is the Lockheed Martin gravity gradiometer. Lockheed
Martin is an American aerospace company and manufacturer. There are two types of the Lock-
heed Martin gravity gradiometer at the moment, which have already been put into commercial
use. The first one is the Full Tensor Gradient (FTG) system invented by the US Bell Geospace
Corporation (Hammond and Murphy, 2003). Later it was developed together with Lockheed
Martin. It can be settled on the aircraft in the fixed wing, or a ship if it is needed. The other one
is the FALCON gradiometer (a partial tensor system) developed by the Australian BHP Corpo-
ration. It can be installed not only in aeroplane’s wing but also in the helicopter. In this thesis,
the data were collected from a helicopter-borne gradiometer, also HeliFALCON gradiometer.
2.5.2 Gravity gradient instrument (GGI) and partial/full tensor gravity gradiometer
Considering the different maturities of the gravity gradiometer technology and the data source
of this thesis, the following part mainly introduces the FALCON survey system and the Air-
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FTG survey system. Both gravity gradient systems are widely commercially applied nowa-
days.
Gravity gradient instrument (GGI)
Figure 2.4: The gravity gradiometer instrument (GGI) (Murphy, 2004)
GGI refers to the gravity gradient instrument. As mentioned, it is the core component of these
two types of Lockheed Martin gravity gradiometers. As shown in figure 2.4, every GGI system
consists of four accelerometers and a rotating plate. The accelerometers are symmetrically and
orthogonally placed on the edge of the plate with equivalent distance. The sensitive axes of the
accelerometers are along the tangent direction of the plate and are perpendicular to the spin
axis. The plate is rotating at an angular velocity Ω (rad/s). The accelerometers in the same
diameter are a pair, and they are complementary to each other.
The accelerometers measure the accelerations from the moving plate. With a pair of it, the
accelerations are equal but in the opposite direction. As a consequence, the influence of the
acceleration caused by the moving carrier can be eliminated. We will explain its mathematical
form later.
The difference between the partial tensor gravity gradiometry system and the full tensor grav-
ity gradiometry system is: the partial tensor system has only one GGI, but the full tensor system
has three GGIs. The full tensor system uses three rotating plates with a constant angular veloc-
ity ω (rad/s) at the same time. And these three plates are orthogonal to each other. Each plate
has four accelerometers on it. In order to isolate the impact of the three GGIs from the moving
carrier, it is recommended to deploy the system on an inertial platform, which is stabilised by
a gyroscope.
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Partial tensor gravity gradiometer
An example of partial tensor gravity gradiometer system is the FALCON system. Its key tech-
nology is GGI. It was invented by BHP Billiton Company in 1997. Then it has been developed
by CGG (a geophysical company) and Lockheed Martin Corporation (an American aerospace
company) together for more than 20 years. One of its specialities is the capability to collect
high-resolution data in a dynamic survey environment. Also, it is the only applied AGG sys-
tem to be used in a helicopter commercially.
For FALCON airborne gravity gradiometer, the partial tensor gravity gradient system is used.
This system only contains one GGI, but with eight accelerometers on the rotating plate. So it
can directly measure Vxy and (Vxx − Vyy)/2. Through mathematical transformation and cal-
culation, the data can converse to gx and Vxx. If it is needed, the other components of gravity
gradient tensor can be transformed by Vxx. In other words, by using mathematical methods,
the partial tensor gravity gradient survey system FALCON can obtain all the components of
gravity gradient tensor.
Full tensor gravity gradiometer
Figure 2.5: Three GGIs system in Air-FTG gradiometer (Hammond and Murphy, 2003)
The full tensor gravity gradient system has been used in Air-FTG airborne gravity gradiometry.
This system contains three GGIs. As shown in figure 2.5, we set the three spin axes of GGIs as
x-, y- and z-axis, and set the intersection point of axes as the origin of the coordinate O. The
gravity at point O along x- and y-axis are defined as aox and aoy. The four accelerometers
can measure the accelerations along x- and y-axis, which are defined as aix and aiy (i=1,2,3,4).
The distance from the centre of rotating plate to the accelerometers are the same, and we set
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its length as R. For each spinning plate, ω is the angular velocity, t is time, and ϕ is initial
phase angle. V is the gravity gradient tensor. θ is the rotation angle of the spinning plate with
θ = ωt + ϕ. (Zhang, 2005)
From (2.6) the gravity gradient in x-y plane can be determined.
a1x = aox + Vxx∆x + Vxy∆y = aox + VxxR cos θ + VxyR sin θ (2.47)
a1y = aoy + Vxy∆x + Vyy∆y = aoy + VxyR cos θ + VyyR sin θ (2.48)
Due to the same calculation, we can obtain the following equations.
a2x = aox −VxxR sin θ + VxyR cos θ
a2y = aoy −VxyR sin θ + VyyR cos θ
a3x = aox −VxxR cos θ −VxyR sin θ
a3y = aoy −VxyR cos θ −VyyR sin θ
a4x = aox + VxxR sin θ −VxyR cos θ
a4y = aoy −VxyR sin θ + VyyR cos θ
(2.49)
Because the accelerometer can only measure the accelerations in the same direction of sensitive
axes, i.e. the tangential directions of the spinning plate. The outputs of the accelerations from
four accelerometers can be calculated.
a1 = −a1x sin θ + a1y cos θ
= −aox sin θ −VxxR cos θ sin θ −VxyR sin2 θ
+ aoy cos θ + VyyR sin θ cos θ + VxyR cos2 θ
a2 = −a2x cos θ − a2y sin θ
= −aox cos θ −VxxR cos θ sin θ −VxyR cos2 θ
− aoy sin θ −VyyR sin θ cos θ + VxyR sin2 θ
a3 = a3x cos θ − a3y sin θ
= aox sin θ −VxxR cos θ sin θ −VxyR sin2 θ
− aoy cos θ + VyyR sin θ cos θ + VxyR cos2 θ
a4 = −a4x cos θ + a4y sin θ
= −aox cos θ + VxxR cos θ sin θ −VxyR cos2 θ
+ aoy sin θ −VyyR sin θ cos θ + VxyR sin2 θ
(2.50)
Addition of a1 and a3 yields
a1 + a3 = −2VxxR cos θ sin θ + 2VyyR sin θ cos θ + 2VxyR(cos2 θ − sin2 θ). (2.51)
Addition of a2 and a4 yields
a2 + a4 = 2VxxR cos θ sin θ − 2VyyR sin θ cos θ − 2VxyR(cos2 θ − sin2 θ). (2.52)
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(2.51) subtract (2.52) yields
(a1 + a3)− (a2 + a4) = −4VxxR cos θ sin θ + 4VyyR sin θ cos θ + 4VxyR(cos2 θ − sin2 θ)
= 2R(Vyy −Vxx) sin(2θ) + 4RVxy cos(2θ). (2.53)
From (2.53) we can see that the outputs from the linear combination of the four accelerometers
contain all the needed information about gravity gradient tensor in x-y plane. Using the same
method for calculation, we can obtain the linear combination equation exported from the four
accelerometers in y-z plane:
(a1 + a3)− (a2 + a4) = −4VyyR cos θ sin θ + 4VzzR sin θ cos θ + 4VyzR(cos2 θ − sin2 θ)
= 2R(Vzz −Vyy) sin(2θ) + 4RVyz cos(2θ). (2.54)
And the result in x-z plane:
(a1 + a3)− (a2 + a4) = −4VzzR cos θ sin θ + 4VxxR sin θ cos θ + 4VxzR(cos2 θ − sin2 θ)
= 2R(Vxx −Vzz) sin(2θ) + 4RVxz cos(2θ). (2.55)
Therefore, we can calculate all components of gradient tensor from (2.53) (2.54) and (2.55). One
thing to be noticed is that using two opposing accelerometers can eliminate the acceleration of
the carrier at the same time so that we can eliminate the influence of the acceleration from the
carrier, and it will not show up in results.
2.5.3 Data processing stages and terrain correction
Data processing stages
The full tensor gravity gradient survey system is a widely applied system at present. Thus, its
process is used to introduce the AGG data processing. The whole process can be split up into
two stages: the data reprocessing stage and the later project stage.
The first step is to implement the corrections for the outputs of the accelerometers due to the
variation of external surveying environment. The accelerometers are measuring when the air-
craft are moving with high speed. Thus, in data reprocessing stage, some corrections are nec-
essary to counter the following impacts.
• The influence of the centripetal force generated by high-speed rotation in each AGG bot-
tom platform.
• The influence from variations of the aircraft flight direction and flight attitude.
• The influence of the fuel consumption during the flight due to the gravitational field.
• The influence from variations of the acceleration during aircraft flight.
After that is the later project stage. When these corrections are accomplished, we can use the
new data to calculate every component of the gravity tensor. Then, the results are transformed
to the external orthogonal global coordinate system. And the main task in the second stage
is the noise reduction. There is a lot of interference in the collected data. In order to obtain
the significant data, we need to apply a variety of filtering techniques. When the outliers are
removed, we can apply it for geologic modelling.
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Effects using different terrain corrections
Different from customary measuring technology, airborne gravity gradient methods measure
the derivatives in the gravity field. That is to say that terrain and geology have great influence
on the collected AGG data. Therefore, selecting appropriate terrain corrections is significant for
the AGG surveying. This process can not be achieved by just evaluating the densities for the
rocks and substances of the terrain. The subterranean materials, as well as the underground
water, may be concerned.
Lateral changes in density are displayed with the anomalies in gravity gradient. The different
densities are often used to distinguish gravity gradient anomalies. High densities lead to com-
paratively positive anomalies; low densities lead to comparatively negative anomalies. And
the largest divergence of density is between the ground and atmosphere, which means that the
influence of terrain is powerful in gravity gradient data.
In the data reprocessing stage, a lot of treatments that demand gravitational field data can not
work out. But terrain corrections are still significant and are needed to be evaluated for the
correction of terrain effects.
The United States Geological Survey (USGS) offered the AGG data with three different terrain
corrections at densities of 0 g/cm3, 2.00 g/cm3 and 2.67 g/cm3. This thesis will discuss the
effects using different terrain corrections in detail in Chapter 4: the vertical gravity gradient
component Vzz with terrain corrected at a density of 2.00 g/cm3 will be compared to the data
with terrain corrections at higher and lower densities. The measuring data are plotted for the
whole study areas so that we can find out the distinctions easily.
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Chapter 3
Survey Specifications
3.1 Data source and location of the survey area
Fugro Airborne Survey Corporation flew the survey in 2012, and high-resolution helicopter
gravity gradient data were acquired and collected for the United States Geological Survey
(USGS). The digital data can be downloaded from the USGS’s website.
The flight took place in the Great Sand Dunes National Park in South-Central Colorado. The
survey covered a large part of the area, and it was mainly concentrated on longitude 105.55◦ W,
latitude 37.75◦ N (UTM Zone 13N). The survey was divided into two blocks. Figure 3.1 shows
these two study areas. As shown in the picture, the study areas are mainly covered with sand
dunes and plutonic rocks.
Figure 3.1: Location of the survey at Great Sand Dunes (left) and flight path (right)
The northern area (block 1) was the main area of the survey. The data collected from the south-
ern area (block 2) were with a lower flight line spacing and lower drape height. Figure 3.2
22 Chapter 3 Survey Specifications
shows the terrain model of two study areas. As revealed by the figures, the district among the
red lines is the overlap area of the survey and will be compared for the analysis later. In Table
3.1 the coordinates for the corners of the survey areas are recorded.
(a) Block 1
Corner A1 A2 A3 A4 A5
Northing [m] 4185374 4185357 4183383 4173835 4173855
Easting [m] 447331 455583 457205 455875 447392
(b) Block 2
Corner B1 B2 B3 B4
Northing [m] 4177704 4177707 4171677 4171674
Easting [m] 448491 454594 454622 448495
Table 3.1: Corner coordinates for survey areas
Figure 3.2: Digital terrain models with overlap area of the two blocks
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Terrain height Block 1 Block 2
Max [m] 2995.20 2993.69
Min [m] 2351.11 2359.54
Average [m] 2521.67 2450.86
STD [m] 101.79 89.41
Table 3.2: Specifications for the terrain height of two study areas
As shown in figure 3.2, the altitude of east and north part is higher, and the altitude of west and
south part is lower for the whole area. The altitude of block 2 is lower than block 1 in general.
Otherwise, it is much flatter on the terrain. If we compare the coordinates of the corners in
Table 3.1, there are only a few meters differences so that the direction of lines can be regarded
as E–W as well as the direction of lines can be regarded as N–S.
3.2 Details of the survey area
Due to the problem for carrying heavy surveying equipment on foot, the mapping of the grav-
ity field was poor in this area. Thus, airborne gravity gradiometry is suitable to gather the
information over such large dune areas. In this study, the gravity gradient data from the north-
ern area were collected with a drape height at 80 m and a flight line spacing at 100 m. The
drape height refers to the altitude surface of the aircraft above the terrain. And the data for
the southern area were collected with a drape height at 40 m and a flight line spacing at 50 m.
Figure 3.3 is the flight path map of the two study areas.
The survey area was very representative. It covered much of the Great Sand Dunes in the
national park. The eastern edge of the survey is the Sangre de Cristo Mountains, which is
composed of Precambrian rocks. Also among the large area, there are also many outcrops of
Tertiary intrusions. Also in the main large dune field, the underground layer and geologic
structures are buried with sand so that it can not be observed directly, which makes gravity
gradiometry important to apply in this area. (Drenth et al., 2013)
It is significant to choose appropriate fight conditions during the AGG surveying due to eco-
nomical and productive factors. The choice of line directions in AGG gradiometry is very
important to improve the survey efficiency, especially for larger area surveying. And in or-
der to get high-resolution data, the flight line should be set as close as possible, considering
the flight cost and other factors. Besides, the different flight conditions could lead to different
airborne gravity gradient data. The data using different flight specifications can be compared
and analysed. For example, we can presume the underground structures that may influence
groundwater hydrology due to different gravity gradient data.
Table 3.3 shows the details and parameters of the survey. The northern area covered a larger
district than the southern part. And the setting flight line spacing in block 2 was much tighter
as well as the flight height, only a half of the conditions in block 1. The line directions and tie
line directions were the same.
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Figure 3.3: Flight path maps for block 1 (left) and block 2 (right)
Block Block 1 Block 2
Total kilometres 1162.4 [km] 812.2 [km]
Minimum drape height 80 [m] 40 [m]
Total flights 125 133
Flights of lines 115 120
Flights of tie lines 10 13
Line direction E–W (90◦–270◦) E–W (90◦–270◦)
Line spacing 100 [m] 50 [m]
Tie line direction N–S (0◦–180◦) N–S (0◦–180◦)
Tie line spacing 1000 [m] 500 [m]
Table 3.3: AGG Survey parameters at Great Sand Dunes
3.3 Equipment of the survey
Aircraft
In this survey, the aircraft for the airborne gradiometry was Helicopter Eurocopter AS350-B3,
which was registered in Canada. In order to be suitable for the gravity gradiometry sampling,
the speed of the aircraft should fall within 70 knots to 100 knots (1 knot = 1.852 km/h = 0.5144
m/s).
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Gradiometer
The used gradiometer was HeliFALCON airborne gravity gradiometer. It belongs to the FAL-
CON gradiometer and uses the partial tensor survey system, which is deployed on a helicopter
platform. Its capability can cover the surveying area with the range from 1000 ft to 13000 ft (1
ft = 0.3048 m). It is usually applied to a low flight height and can provide better resolution
for details in mapping. Figure 3.4 shows a summary of HeliFALCON data processing. The
sampling rate of airborne gravity gradient data is 8 Hz. The most important step, to transform
the data to all components of gravity gradient tensor, was discussed in Chapter 2.
Figure 3.4: HeliFALCON data processing summary (HeliFALCON Airborne Gravity Gradiometer Survey
for USGS Logistics and Processing Report, 2012)
Other equipment
Also, real-time differential GPS and a laser scanner were used to provide corrections for the
survey and measure the drape height for the digital terrain model.
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Chapter 4
Data Processing and Analysis
4.1 Invariants of gravity gradient tensor in AGG data
Results from the raw data and analysis
In chapter 2 the methods to calculate the gradient tensor invariants are introduced.
I2 = VxxVyy + VyyVzz + VxxVzz − (V2xy + V2yz + V2xz) (4.1)
I3 = V2xyVzz + V
2
yzVxx + V
2
xzVyy −VxxVyyVzz − 2VxyVyzVxz (4.2)
By applying the raw data downloaded from USGS in Matlab, we obtain the following results.
Figures 4.1 and 4.2 show the invariant I2 of two blocks with terrain corrections at a density of
2.00 g/cm3. From (2.23) we obtain the unit of I2:
E2 = (10−9/s2)2 = 10−18s−4
Figures 4.3 and 4.4 show the invariant I3 of two blocks with terrain corrections at a density of
2.00 g/cm3. From (2.24) we obtain the unit of I3:
E3 = (10−9/s2)3 = 10−27s−6
It is obvious that the pictures below are mainly covered with the same colour respectively. We
can see that the largest values of the invariants I2 and I3 occur on the right edge of the fig-
ures. Comparing these results with topography, we could find out that these areas with bigger
values of the invariants also have higher elevations than the others. Even more, the vertical
gravity gradient component Vzz within these areas are also bigger. Thus, we can assume that
the gravity gradiometer will be influenced when surveying the areas with high elevations.
However, from the frequency distributing histograms, we can see that the invariants with
larger values only occupy a small percentage in each figure for the whole area. For exam-
ple, the extent of invariants I2 in two blocks are approximately [-50000 E2, 0 E2]. But 95% data
are within [-5000 E2, 0 E2], which means that the raw data contain a few outliers. Therefore, in
order to show interesting signals of the field I2 and I3, these extreme values should be separated
and removed.
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Figure 4.1: Invariant I2 for block 1
Figure 4.2: Invariant I2 for block 2
Tensor invariant I2 Block 1 Block 2
Maximum [103 E2] -0.0139 -0.0032
Minimum [103 E2] -30.9639 -48.2568
Average [103 E2] -1.9538 -1.2711
STD [103 E2] 2.1243 2.9617
Table 4.1: Specifications for the invariant I2 for two study areas
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Figure 4.3: Invariant I3 for block 1
Figure 4.4: Invariant I3 for block 2
Tensor invariant I3 Block 1 Block 2
Maximum [105 E3] 3.0125 17.2880
Minimum [105 E3] -19.1479 -39.1716
Average [105 E3] 0.1523 -0.1288
STD [105 E3] 0.7678 1.3335
Table 4.2: Specifications for the invariant I3 for two study areas
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Results from the worked data and analysis
For invariants I2 and I3 in two blocks, the outliers are removed and the majority of data are
chosen to obtain the following results. The interval of I2 is curtate from [-50000 E2, 0 E2] to
[-5000 E2, 0 E2]. The interval of I3 is curtate from [-4000000 E3, 20000000 E3] to [-50000 E3, 50000
E3]. Thus, approximately 95% centralized data are remained and used to show the invariants
filed in two blocks.
Figures 4.5 and 4.6 show the corrected invariant I2 of two blocks with terrain corrections at a
density of 2.00 g/cm3. Figures 4.7 and 4.8 show the corrected invariant I3 of two blocks with
terrain corrections at a density of 2.00 g/cm3. And if we compare the tables 4.3 and 4.4 with
tables 4.1 and 4.2, it is apparent that the data after correction have lower mean values and
standard deviations.
The histograms of invariants in two blocks show the same trend. Although the corrected invari-
ants for block 2 are smaller than that for block 1, it is obvious that there are distinct differences
in I2 and I3 fields. These invariants are "variant" indeed. As a whole, the invariants I2 and
I3 in the middle areas of the figures are smaller. However, signals of different intensities are
randomly distributed throughout the entire region.
Compared the corrected results with the topography of the two blocks, we can find out an in-
teresting trend that the districts with lower elevations obtain larger invariants relatively; on the
opposite, invariants in areas with higher altitudes are smaller relatively. Generally speaking,
the invariants I2 and I3 are not immutable; conversely, they are inversely proportional to the
elevation of the region in a way.
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Figure 4.5: Corrected invariant I2 for block 1
Figure 4.6: Corrected invariant I2 for block 2
Tensor invariant I2 Block 1 Block 2
Maximum [103 E2] -0.0139 -0.0032
Minimum [103 E2] -5.0000 -2.0000
Average [103 E2] -1.5562 -0.6796
STD [103 E2] 1.0806 0.4450
Table 4.3: Specifications for the corrected invariant I2 for two study areas
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Figure 4.7: Corrected invariant I3 for block 1
Figure 4.8: Corrected invariant I3 for block 2
Tensor invariant I3 Block 1 Block 2
Maximum [105 E3] 0.5000 0.1000
Minimum [105 E3] -0.5000 -0.1000
Average [105 E3] -0.0218 -0.0001
STD [105 E3] 0.1530 0.0355
Table 4.4: Specifications for the invariant I3 for two study areas
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4.2 Influence of different terrain corrections in AGG data
Results and analysis
As mentioned in Chapter 2, the United States Geological Survey (USGS) offered the AGG data
with three different terrain corrections at densities of 0 g/cm3, 2.00 g/cm3 and 2.67 g/cm3.
This part mainly displays the comparison of the vertical gravity gradient component Vzz with
different terrain corrections and discusses the effects of terrain corrected applying lower and
higher densities.
Figures 4.9 and 4.10 show the Vzz of two blocks without terrain corrections. As reference figures
4.11 and 4.12 show the Vzz of two blocks with terrain correction at a density of 2.00 g/cm3.
Inspection of results below, the values interval of Vzz without terrain corrections is apparently
larger than the range with terrain corrected at 2.00 g/cm3. The standard deviation for the
previous one is bigger as well. Clearly, using two different densities leads to distinct results.
In figure 4.9 the Vzz of the middle area for block 1 is relatively higher than that for block 2.
Geographically this area is covered with many sand dune folds, which may be the causes.
In contrast to the AGG data with terrain corrected at a density of 2.00 g/cm3, the data without
terrain corrections display a great coincidence with high terrain undulation. This phenomenon
is quite apparent in figure 4.9 in the middle area. The subterranean characteristics, which we
may want to obtain, are hidden due to terrain anomalies. Generally speaking, using too low
terrain corrections could lead to data with positive relativity. It is unappropriated for measure-
ments of the subterranean structure.
Figures 4.13 and 4.14 show the vertical gravity gradient component Vzz of two blocks with
terrain correction at a density of 2.67 g/cm3. For a contrast are figures 4.11 and 4.12 with
terrain correction using 2.00 g/cm3.
Inspection of table 4.6 and table 4.7, the values interval of Vzz with terrain corrected at 2.67
g/cm3 is smaller than the range with terrain corrected at 2.00 g/cm3. And the standard de-
viation for the previous one is bigger. From the figures we can find an interesting result: The
Vzz of the middle area for block 1 is relatively lower than that for block 2, which means that
the impacts from terrain corrections at a higher density or a lower density could be opposite in
AGG survey.
In contrast to the AGG data with terrain corrected at a density of 2.00 g/cm3, the data with
higher terrain corrections (2.67 g/cm3) have problems as well. Traditionally the density of 2.67
g/cm3 is appropriate to apply in crystalline solid. However, the result shows that the areas
covered with sand dunes have lower densities. Maybe these sand dunes made of sediments
could have lower densities and bury the other characteristics underground. Similarly, it is
unappropriated for measurements of the subterranean structure under sand dunes.
Through the analysis above, we can obtain such a conclusion: we should use the suitable terrain
corrections fulfilled the requirements in order to collect the needed data in airborne gravity
gradiometry.
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Figure 4.9: Vertical gravity gradient data Vzz for block 1 at a density of 0 g/cm3
Figure 4.10: Vertical gravity gradient data Vzz for block 2 at a density of 0 g/cm3
Vertical gravity gradient Vzz Block 1 Block 2
Maximum [E] 669.67 734.95
Minimum [E] -283.63 -625.99
Average [E] -0.89 -3.97
STD [E] 64.58 78.59
Table 4.5: Statistics for vertical gravity gradient data Vzz at a density of 0 g/cm3
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Figure 4.11: Vertical gravity gradient data Vzz for block 1 at a density of 2.00 g/cm3
Figure 4.12: Vertical gravity gradient data Vzz for block 2 at a density of 2.00 g/cm3
Vertical gravity gradient Vzz Block 1 Block 2
Maximum [E] 196.58 220.16
Minimum [E] -90.35 -162.67
Average [E] 1.58 0.35
STD [E] 33.25 25.41
Table 4.6: Statistics for vertical gravity gradient data Vzz at a density of 2.00 g/cm3
36 Chapter 4 Data Processing and Analysis
Figure 4.13: Vertical gravity gradient data Vzz for block 1 at a density of 2.67 g/cm3
Figure 4.14: Vertical gravity gradient data Vzz for block 2 at a density of 2.67 g/cm3
Vertical gravity gradient Vzz Block 1 Block 2
Maximum [E] 133.80 136.26
Minimum [E] -177.67 -162.51
Average [E] 2.41 1.80
STD [E] 50.05 34.21
Table 4.7: Statistics for vertical gravity gradient data Vzz at a density of 2.67 g/cm3
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Nettleton-style profiling method
It is significant to determine the terrain corrections in airborne gravity gradient survey. Cer-
tainly measuring the specimens from the study area is not enough and a lot of problems exist
by doing such measurements.
• If the study area covers a wide range, the materials and geology are often complicated,
which meant a proportionate increase in work to collect and distinguish different speci-
mens.
• Soil compaction may lead to different densities.
• The underground water may have influence but it is undetectable.
• The effects of natural weathering may lead to the difficulty to collect specimens.
A common solution to the above problems was provided by (Nettleton, 1939). At first, it was
used to ensure the terrain corrections for gravity field data processing from the study areas.
And this method was named Nettleton-style profiling.
The method suggests that we can choose a small district from the study area, usually a moun-
tain or a valley. Then we should collect different data with terrain corrections at many diverse
densities. The next step is to compare the obtained data to the appearance of the terrain spa-
tially. The most similar outcome is the one we need to determine the terrain correction. How-
ever, this method is based on the identity of the terrain characteristics, or ideally, the unit of the
study area is unique.
We can similarly apply this method in airborne gravity gradient data processing. But differ-
ently, this phenomenon will be enhanced near the location of survey compared to gravity field
data, which makes Nettleton-style profiling method even better.
Figure 4.15: Nettleton-style profiling method for a district in block 1
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Due to the restrictions of the source data, there were only three different densities for the AGG
surveying, i.e. 0 g/cm3, 2.00 g/cm3 and 2.67 g/cm3. The terrain corrections were applied with
these three densities for data processing. Figure 4.15 shows a deficient example due to the lack
of the samples. We can see that the shape of the green line is the closest to the appearance
of the terrain compared with each other. The other two are full of anomalous undulations.
That is to say, among these three densities, the density of 2.00 g/cm3 is the most appropriate
for AGG data processing in this district. However, even the green line can not fully meet the
requirements.
In this survey, only three density were being applied. But effectively, we could use much more
densities in practice measuring. For example, in the survey to determine the density for sand
dunes for Sangre de Cristo Mountains, 39 evaluations were being used to determine the final
result − 1.8 g/cm3 (Drenth, 2013). From the figures above, we can see that the Vzz corrected
using middle densities is within the Vzz at higher and lower densities. Thus, if the samples are
adequate, we could obtain better results.
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4.3 Influence of flight line spacing and drape height to collect
high-resolution AGG data
Figure 4.16: Vertical gravity gradient data Vzz for the overlap area
Resolution
Here resolution or spatial resolution need to be explained. Commonly it is used to describe the
capability to distinguish two detail features which are very close to each other. The wavelength
resolution depends on the filter during data processing. In order to denoise, the observed
anomalies need to be low-pass filtered. Usually, the wavelength, corresponding to half the
amplitude of low pass filter, is the wavelength resolution. And the spatial resolution is the
same as half of the wavelength.
For the measurement of gravity, the resolution refers to the integrated assessment by using the
amplitude (unit: mGal) and width (unit: km or m) of the gravity anomaly. For the airborne
gravity gradiometry, the sampling line spacing is about 50–200 m. So far, the full wavelength
resolution for gravity satellite, such as CHAMP and GOCE, is 100–500 km.
In airborne gravity gradiometry, the flight conditions such as line spacing and drape height
are significant. With the purpose of receiving high-resolution data, the flight line spacing is
recommended to be set as close as possible. And the drape height refers to the altitude surface
of the aircraft above the terrain. The majority of airborne gravity gradiometer is designed to be
applied in the dynamic system. Therefore, the drape height in AGG survey is commonly less
than 100 m. Considering the terrain clearance, such as skyscrapers, it could reach to 100–300
m.
The cheapest way to reduce the cost of AGG survey is to decrease the line spacing and drape
height. Thus, when we are planning AGG measurements, a common question is what kind of
drape height and line spacing should be applied. As shown in figure 4.16, the two study areas
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have a region of overlap. The data from this overlapping area fulfilled the request to compare
the results under different flight conditions.
Results and analysis
For this study, the line spacing of the northern area was 100 m with a drape height at 80 m. And
for the southern area, the parameters were exactly a half: 50-m line spacing and 40-m drape
height. In this part, the terrain corrections for data processing was using a terrain density of
2.00 g/cm3.
The statistics of vertical gravity gradient component Vzz of the overlap area are shown in the
following table. Apparently, the interval of the collected data from the second block is wider.
And its mean value is bigger but with a smaller standard deviation. In other words, the data
sampled from the second block is relatively flatter.
Vertical gravity gradient Vzz Block 1 Block 2
Maximum [E] 69.7200 88.5500
Minimum [E] -49.6600 -81.8000
Average [E] 2.4305 4.6510
STD [E] 23.1158 20.3367
Table 4.8: Statistics of vertical gravity gradient data Vzz for the overlap area
The rise of the flight drape height could lead to the same consequence with low pass filtering
(Kass, 2013). The increase of flight line spacing has the similar influence with accordant with
frequency, which is mentioned in Chapter 2. Figure 4.17 shows the gradient data with upward
continuation for the overlap area as a comparison.
Figure 4.17: Vertical gravity gradient data Vzz for block 2 upward-continued to the drape height of block 1
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Figures 4.18 and 4.19 show the gravity gradient data of overlap area respectively from block 1
and block 2. In all six components of gravity gradient are shown, i.e. Vxx, Vxy, Vxz, Vyy, Vyz and
Vzz. Vzz components show the strongest response in the vertical direction. It is obvious that
figure 4.19 displays more details and features with a high-resolution data. By contrast, figure
4.18 is hazy, and many characterises in it are buried. Compared to figure 4.17, it has the similar
appearance with the low-pass filtered one. That is to say, its resolution is correspondingly
lower.
Figure 4.18: Gravity gradient data of overlap area from block 1
Figure 4.19: Gravity gradient data of overlap area from block 2
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Figures 4.20 and 4.21 show the distributing histograms of gravity gradient data of overlap area
from two blocks. We can see that distinct differences exist for gradient components Vyz and
Vzz. The other four only have slight disparities in shape. The extents of each component from
block 2 are bigger than that from block 1, which suggests that more details and features may
be contained.
Figure 4.20: Histogram for gravity gradient data of overlap area from block 1
Figure 4.21: Histogram for gravity gradient data of overlap area from block 2
In conclusion, the decrease of the line spacing and flight height result in better data with
higher resolution compared with the original measurements. More geologic and geodetic un-
derground specifications and characteristics are shown up in the final processed results. On
the opposite, increasing line spacing and the flight height lead to the blurry processing of the
data, which is just like low-pass filtering. Therefore, a lot of features will be buried.
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Conclusion and Outlook
Airborne gravity gradiometry is significant in national defence, as well as the research and ex-
ploration for the earth. Actually, the gravity gradient reflects the spatial variations of gravity
anomaly so that it shows a better result for the observed object and the geologic information
and features are more specific. In other words, gravity gradient anomaly has a higher res-
olution than gravity anomaly. Besides, airborne gravity gradient has more advantages than
the traditional ground survey instrument. Concretely saying, the characteristics of airborne
gravity gradiometry are speed, high efficiency and economy. Thus it has bright prospect and
great value for research. So far many institutes and universities are making contributions to its
development.
This thesis mainly discusses the airborne gravity gradiometry (AGG). In Chapter 2, its history
and application are introduced, as well as the methodology and principles for measurement
and data processing. The full gravity gradient tensor is expressed mathematically. And the
analytical method and numerical method to calculate the tensor invariants are explained. Also,
we can determine all components of the gradient tensor with the Fourier method. Besides, the
gravity gradient instrument (GGI) and two mature gravity gradiometer system are introduced.
At last, we discuss the two data processing stages and terrain corrections.
AGG data from the United States Geological Survey are analysed to find the factors which
might influence the results of AGG survey. Unfortunately, the results and analysis are limited
due to the restriction of data. We also analyse the tensor invariants and two effects which may
lead to differences in AGG data in Chapter 4.
For the tensor invariants, the raw data contain some outliers which influence the results. There-
fore, it is necessary to process the raw data. The results from the worked data show that these
invariants are not absolutely immutable; on the opposite, there exist distinct differences and
the invariants are inversely proportional to the elevation of the region in a way.
Two effects will lead to the different results in AGG data. The first one is terrain corrections
with different densities. The thesis shows the vertical gravity gradient component data in the
two study areas. The data are collected with terrain corrections at densities 0.00, 2.00 and 2.67
g/cm3. The lower density is too sensitive to the terrain undulation so that the subterranean
features are covered. In the opposite, the higher density cannot observe the characteristics
under sand dunes. In order to choose appropriate terrain correction, Nettleton-style profiling
should be used. It is a pity that only three densities could be analysed. As it is said, one density
is too low; another is too high. The last one is the only choice left. If it is possible, using
adequate data corrected using more densities could have a much better result and analyse this
influence in detail.
44 Chapter 5 Conclusion and Outlook
The second effect is the different flight line spacings and drape heights of the aircraft. An
overlap area is measured under two different flight conditions. So the vertical gradient data
from this region are shown. As a result, reducing line spacing and drape height lead to higher
resolution data with more features. However, the impacts from line spacing and drape height
are superposed together in this survey data. If possible, we can make AGG survey by adjusting
only one of these two factors so that their influence on airborne gradiometry would be observed
separately and compared.
In the future, the aim of the development of the airborne gravity gradiometers is higher ac-
curacy and better performance and stability. Therefore, two different aspects should be con-
cerned. On the one hand, theoretical studies should be proceeded to design instruments with
better principles. On the other hand, it is depended on the development of material science.
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